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Abstract— Diaphragm electromyography (EMGdi) provides 
important information on diaphragm activity, to detect neu-
romuscular disorders of the most important muscle in the 
breathing inspiratory phase. EMGdi is habitually recorded 
using needles or esophageal catheters, with the implication of 
being invasive for patients. Surface electrodes offer an alterna-
tive for the non-invasive assessment of diaphragm activity. 
Ag/AgCl surface disc electrodes are used in monopolar or 
bipolar configuration to record EMGdi signals. On the other 
hand, Laplacian surface potential can be estimated by signal 
recording through active concentric ring electrodes. This kind 
of recording could reduce physiological interferences, increase 
the spatial selectivity and reduce orientation problems in the 
electrode location. The aim of this work is to compare EMGdi 
signals recorded simultaneously with disc electrodes in bipolar 
configuration and a Laplacian ring electrode over chest wall. 
EMGdi signal was recorded in one healthy subject during a 
breath hold maneuver and a static inspiratory maneuver based 
on Mueller’s technique. In order to estimate the covered fre-
quency range and the degree of noise contamination in both 
bipolar and Laplacian EMGdi signals, the cumulative percent-
age of the power spectrum and the signal to noise ratio in sub-
bands were determined. Furthermore, diaphragm fatigue was 
evaluated by means of amplitude and frequency parameters. 
Our findings suggest that Laplacian EMGdi recording covers 
a broader frequency range although with higher noise contam-
ination compared to bipolar EMGdi recording. Finally, in 
Laplacian recording fatigue indexes showed a clearer trend for 
muscle fatigue detection and also a reduced cardiac interfer-
ence, providing an alternative to bipolar recording for dia-
phragm fatigue studies.  
Keywords— Laplacian electrode, diaphragm muscle, fa-
tigue, surface electromyography. 
I. INTRODUCTION  
Monitoring of muscular activity of respiratory system is 
an important issue for detecting medical problems, which 
compromise the normal ventilation process. The breathing 
consists on an inspiratory phase when air is inhaled and an 
expiratory phase when air is exhaled. During inspiration, 
respiratory muscles contribute to expand the thorax, move 
air into the lungs and develop a negative pressure. In con-
trast, during expiration, muscles relax, the thorax returns to 
its starting position and the air is forced out from the lungs. 
The diaphragm, a large, dome-shaped structure, is the pri-
mary muscle involved in the inspiratory phase. Evaluation 
of inspiratory muscle function is essential to study respirato-
ry diseases as chronic obstructive pulmonary disease, which 
increases the airway resistance to airflow and compromise 
the normal function of diaphragm [1]. Respiratory muscles’ 
activity can be assessed by means of intraesophageal elec-
trodes [2] and intramuscular electrodes [3]. However, these 
techniques have the disadvantage of being invasive and 
cumbersome for patients [4] with the potential risk of an 
iatrogenic pneumothorax [5]. Surface electromyography 
(sEMG), a non-invasive diagnostic tool for measuring mus-
cle electrical activity, is a practical alternative for evaluation 
of muscle diaphragm function. sEMG is habitually collected 
by silver/silver chloride (Ag/AgCl) disc electrodes in 
monopolar or bipolar configuration. On the other hand, 
Laplacian of surface potential, the second derivative of the 
surface potential, can be evaluated by means of so-called 
Laplacian electrodes, a bipolar or tripolar coaxial ring elec-
trodes. It overcomes the reduced spatial resolution and the 
influence of cardiac activity, drawbacks found in bipolar 
recordings [6, 7]. The use of Laplacian electrodes has prov-
en promising results in the study of electrocardiogram 
(ECG) [6], electroencephalogram [8], electroenterogram 
[7], and sEMG in biceps brachii [9].  
This study was undertaken to characterize the diaphragm 
electromyography (EMGdi) acquired simultaneously by a 
Laplacian electrode and Ag/AgCl disc electrodes in bipolar 
configuration over diaphragm muscle. A breath hold and a 
static inspiratory maneuver were performed. 
II. MATERIALS AND METHODS 
A. Subject and experimental protocol 
A nonsmoking subject with no clinical evidence of res-
piratory disease was included in the investigation. The sub-
ject was instructed to sit down in a comfortable chair and to 
stand straight with the arms beside the body, not to move 
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nor talk, to breathe via a mouthpiece connected to a T-tube, 
and wore a disposable nose clip to prevent any air exchange 
through the nostrils. The conducted study consists on the 
EMGdi signal acquisition during a breath hold maneuver 
(BHM) and a static inspiratory maneuver (SIM), based on 
the Mueller’s technique [10], to activate the diaphragm in 
response to a voluntary force inspiration with the T-tube 
occluded with only a small leak to prevent glottic closure 
during inspiration maneuver [4]. During the BHM, a disrup-
tion of breathing activity was performed for 15 s. Next, 
during the SIM, the subject was asked to exert three maxi-
mal inspiratory pressures (MIP) during 2 s, with 1-min 
resting intervals. The highest value was taken. Afterward, 
the subject performed a test exerting a pressure of 80 per-
cent of the chosen MIP for 10 s, and was encouraged to 
maintain the target pressure using visual feedback. 
 
B. Signal Acquisition 
Before placing the electrodes, the skin in the diaphragm 
area (thoracic region) was mildly abraded with gel (Nuprep, 
Weaver and Company, USA) and cleansed with alcohol to 
improve contact impedance. Pre-gelled, disposable circular 
electrodes of 10 mm diameter (foam electrode 50/PK – 
EL501, Biopac Systems Inc, Santa Barbara, CA, USA) were 
placed over diaphragm muscle area between the 7th and 8th 
intercostal space, lateral to the right midclavicular line, with 
50 mm inter-electrode distance. Dry Laplacian electrode 
(tripolar concentric ring electrode in quasi-bipolar configu-
ration, TCB) of 24 mm outer diameter was plugged into a 
signal conditioner circuit and placed in the inter-electrode 
space of two Ag/AgCl electrodes and attached with an ad-
hesive plaster to skin (Fig 1), as it was presented in [9]. A 
reference electrode was positioned at left ankle. Bipolar 
electrode configuration and Laplacian electrode were 
plugged into an amplifier module (EMG 100C, Biopac 
Systems Inc, Santa Barbara, CA, USA) using a gain of 500. 
Moreover, Lead-I ECG was collected with an amplifier 
(ECG 100C, Biopac Systems Inc, Santa Barbara, CA, USA) 
using a gain of 500. Inspiratory mouth pressure was meas-
ured using a mouth-piece attached to a T-tube that was 
connected to a differential pressure transducer (TSD160, 
Biopac Systems Inc, Santa Barbara, CA, USA) plugged into 
a differential amplifier (DAC100C, Biopac Systems Inc, 
Santa Barbara, CA, USA) using a gain of 50. Amplifiers 
were connected to an acquisition system (MP150, Biopac 
Systems Inc, Santa Barbara, CA, USA) and interfaced with 
a computer to monitoring signals in real time and stored 
(AcqKnowledge software v.3.2, Santa Barbara, CA, USA). 
The sampling frequency used was 1000 Hz. 
 
C. Signal Processing and Data Analysis 
Both bipolar and Laplacian EMGdi signals were bidirec-
tionally bandpass filtered using a fourth-order, digital But-
terworth filter with cut-off frequencies of 10 and 300 Hz.  
Estimation of the power spectral density was performed 
by applying the Welch modified periodogram method 
(Hamming window, 0.2 seconds length, 4096 - point FFT, 
and 50 % overlap) in segments of half a second length.  For 
the subsequent signal analysis of EMGdi power spectrum 
was chosen between f1 = 10 to f2 = 300 Hz.  
Signal-to-Noise Ratio (SNR) was evaluated to compare 
the noise content in bipolar and Laplacian EMGdi spec-
trums. 
SNR was calculated using the energy content in 5-second 
segment of SIM (EI) and BHM (E0), respectively, in bands 
of 10 Hz. 
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Cumulative percentage of the power distribution 
(CmPS), expressed as the running total of power spectrum 
(PS) over the total power spectrum, was used to compare 
the spectral distribution of bipolar and Laplacian EMGdi 
spectrum. 
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To quantify the evolution of diaphragm muscle fatigue, 
we calculated the following amplitude and frequency pa-
rameters: 
1) Averaged Rectified Value (ARV), an amplitude pa-
rameter, defined as average of the absolute value of the 
EMGdi signal, which gives an estimation of the total 
amount of activity over a specific time period T. 
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2) Median Frequency (MDF), a frequency parameter that 
divides the EMGdi power spectral density in two regions 
having the same amount of power. 
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3) Dimitrov’s index, that calculates the ratio of spectral 
moment of order (-1) and spectral moment of order (5), to 
highlight lower and higher frequencies respectively, in mus-
cle fatigue. 
 
Fig. 1 (a) Two disc electrodes and Laplacian electrode (middle) for re-
cording of  EMGdi signal in diaphragm. (b) Electrode placement between 
7th and 8th intercostal spaces, lateral to the right midclavicular line 
 3 
Evaluation_of_Laplacian_diaphragm_electromyographic_recordings_in_a_static inspiratory_maneuver 
																																ܨܫ݊ݏ݉5 ൌ ׬
݂ିଵ ∙ ܲܵሺ݂ሻ ∙ ݂݀௙మ௙భ
׬ ݂ହ ∙ ܲܵሺ݂ሻ ∙ ݂݀௙మ௙భ
																								ሺ5ሻ 
Data was analyzed using a moving window of half a sec-
ond length with steps of 50ms. The signal processing was 
performed in MATLAB (v. R2011b, Natick, Massachusetts, 
USA). 
III. RESULTS 
EMG recording of diaphragm muscle is mostly affected 
by cardiac activity. Fig 2 shows an excerpt of a 5-sec seg-
ment of EMGdi signal, corresponding to a BHM and a SIM, 
picked up simultaneously by a bipolar disc-electrode con-
figuration and a Laplacian electrode. It is evident that ECG 
interference greatly affects bipolar EMGdi recording (Fig 2 
(a) and (b)) in comparison to Laplacian EMGdi recording 
(Fig 2 (c) and (d)) during both BHM (diaphragm at rest) and 
a SIM (high activity of diaphragm). As it is shown in Fig 3, 
SNR for bipolar recording is higher than Laplacian record-
ing. However, in contrast to that of Laplacian signal, SNR 
of bipolar signal shows a pronounced decrease in the fre-
quency bandwidth of the ECG components (below 30 Hz). 
A comparative analysis of the CmPS is shown in Fig 4. Fig 
4(a) reveals a rapid increase and an exponential trend in 
CmPS of bipolar recording during both the BHM and the 
SIM. The area between the breath hold and the static inspir-
atory maneuver for CmPS curves of bipolar recordings is 
greater below 50 Hz, where the cardiac activity is present. 
In Fig 4(b), at rest (BHM), CmPS of Laplacian signal 
showed a linear trend; reflecting a spectral distribution simi-
lar to white noise. In contrast, from the same figure, it is 
also clear that the area between the BHM and the SIM for 
the curves of Laplacian signal is greater above 50 Hz, in 
comparison to those of bipolar recording. In respect to dia-
phragm muscle fatigue, ARV, MDF and FInsm5 indexes 
were calculated. Figs 5 (a) presents the ECG signal corre-
sponding to the lead I. ARV, MDF and FInsm5 fatigue 
indexes, computed from sEMG signal and recorded over the 
diaphragm muscle during a SIM, are shown in Fig 5 b, c 
and d, respectively. According to literature [11], ARV and 
FInsm5 increases as muscle fatigues, whereas MDF de-
creases. Our results show that ARV increases during SIM 
for both bipolar and Laplacian recording. Conversely, the 
FInsm5 and MDF indexes present clearer trends (rising and 
decreasing, respectively) in Laplacian recording in contrast 
to bipolar recording. In addition, the comparison of ECG in 
Fig 5 (a) with the evolution of fatigue indexes reveals that 
cardiac activity provokes a non-desired periodic oscillatory 
component in such evolution. Fatigue indexes in bipolar 
recording were more influenced by cardiac activity in com-
parison to Laplacian recording as shown in Fig 5 b, c and d. 
IV. DISCUSSION AND CONCLUSIONS 
EMGdi signal was recorded simultaneously using a bipo-
lar disc electrode configuration and a Laplacian electrode. 
Previous works have reported the advantage of using Lapla-
cian electrodes in other anatomical regions of human body 
[6–9]. In the present study during both BHM and SIM, 
power spectrum of Laplacian EMGdi signal was more dis-
tributed in frequency, contained in a broader frequency 
range compared to bipolar EMGdi power spectrum. Be-
cause of their physical design, Laplacian electrode presents 
enhanced spatial selectivity, features which are reflected in 
its spatial transfer function [12]. The use of a Laplacian 
electrode in sEMG recordings can improve the study of 
motor unit action potential trains [12, 13] and reduce the 
Fig. 2 An excerpt of 5-sec EMGdi recording during a breath hold ma-
neuver and a static inspiratory maneuver: bipolar recording with disc 
electrodes (a and b) and Laplacian recording with TCB ring electrode (c 
and d). Vertical red dot lines indicates the R wave of cardiac activity 
 
Fig. 3 Spectral distribution of SNR for bipolar and Laplacian EMGdi 
 
Fig. 4 Cumulative percentage of power for 5-sec EMGdi recording dur-
ing a breath hold and a static inspiratory maneuver using (a) a bipolar 
electrode configuration and (b) a Laplacian recordings acquisition 
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problem of location and orientation of the fibers related to 
the use of bipolar disc electrode configuration [12]. On the 
other hand, signal to noise ratio, was lower in Laplacian 
recording in comparison to bipolar recording. In this sense, 
it should be considered that the size of the Laplacian elec-
trode used was smaller than the inter-electrode distance of 
bipolar recording with disc electrodes. The use of Laplacian 
electrodes of bigger diameter, or of bipolar configuration 
instead of TCB could yield signals of higher amplitude and 
better SNR.  
The evolution of fatigue parameters during the SIM was 
similar to that reported during isometric contraction in the 
biceps brachii when bipolar and Laplacian electrodes were 
compared [9], with an increase of ARV and FInsm5 and a 
decrease of MDF. It was noted that ARV was influenced by 
cardiac activity in bipolar and Laplacian EMGdi recordings 
but MDF and FInsm5 were more affected in bipolar EMGdi 
compared to Laplacian EMGdi. Bipolar recording of EMG-
di with conventional disc electrodes are severely affected by 
cardiac activity which provokes that most energy of this 
signal is concentrated below 50 Hz.  
In conclusion, this work suggests that EMGdi picked up 
by Laplacian electrodes is less affected by ECG interfer-
ence, presenting a wider bandwidth of signal. Nevertheless, 
Laplacian recordings present significantly lower SNR than 
conventional bipolar recordings. Moreover, during the static 
inspiratory maneuver, trends of muscle fatigue index from 
Laplacian signals were much clearer and in agreement with 
results reported in literature. However, more subjects need 
to be evaluated to confirm these results and the behavior of 
Laplacian electrode over diaphragm in subsequent studies. 
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Fig. 5 (a) Lead-I ECG, (b) ARV, (c) MDF and (d) FInsm5 fatigue indexes 
calculated from EMGdi signal during a static inspiratory maneuver.  
    Left and right scales correspond to parameters from bipolar and Laplacian 
recordings, respectively 
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